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Lipid-protein interactions of pulmonary surfactant-associated protein SP-C in model DPPC/DPPG and DPPC/DPPG/eggPC 
vesicles were studied using steady-state and time-resolved fluorescence measurements of two fluorescent phospholipid probes, 
NBD-PC and NBD-PG. These fluorescent probes were utilized to determine SP-C-induccd lipid perturbations near the hilaycr 
surface, and to im,estigate possible lipid headgrnup-spccific interactions of SP-C. The presence of SP-C in DPPC/DPPG 
membrane vesicles resulted in (I) a dramatic increase in steady-state anisotropy of NBD-PC and NBD-PG at gel phase 
temperatures, (2) a broadening of the gel-fluid phase transition, (3) a decrease in self-quenching of NBD-PC and NBD-PG 
probes, and (4) a slight increase in steady-state anisotropy of NBD-PG at fluid phase temperatures. Time-resolved measure- 
ments, as well us steady-state intem;ity measurements indicate that incorporation of SP-C into DPPC/DPPG or DPPC/DPPG/ 
eggPC vesicles results in a increase in the fraction of the Ling-lifetime species of NBD-PC. The results presented here indicate 
that SP-C orders the membrane bilaycr surface, disrupts acyl chain packing, and may increase the lateral pressure within the 
bilayer. 

Introduction 

Pulmonary surfactant is a lipid-protein compl.:x se- 
creted by Type 11 epithelial cells lining the alveoli of 
the lung. The phospholipid components, primarily 
phosphatidylcholine and phosphatidylglyeerol, are be- 
lieved to form a monolayer film at the air/liquid 
interface which dramatically lowers surface tension 
within the alveolus, thereby preventing collapse of the 
distal components of the lung [1,2]. Surfactant deft- 
ciency, manifest clinically as respiratory distregs syn- 
drome (RDS), is a frequent cause of morbidity and 
mortality in premature infants. 

Abbreviations: DPPC, 1,2-di-palmitoyl-sn-glycero-3-phosphocholine; 
DPPG, 1.2-dipalmitoyl-sn-glycero-3-phospho-sn-glyeerol:. NBD. 7- 
nitrobenz-2-oxa-l,3-diazol-4-yl; NBD-PC. I-palmitoyl-2-(6-[N-(7 
nit robenz-2-oxa- t ,3-diazol-4-yDamino]capmyl)-sn -glycero-3.phospho- 
holine; NBD-PG, I-palmitoyl-2-(6-[N-(7-nitrobenz-2-oxa-l.3-diazol- 
4.yl)amino]caproyl).sn-glycero-3.phospho.su-glyccml; ¢ggPC, phos- 
phatidylcholine from egg yolk, Mops. 4-morpholinepropancsulfonic 
acid. 
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Although phospholipids are inherently surface-ac- 
tive, phy!~iologically useful surfat:tants must be effective 
in the dynamic environment of the lung. Since alveoli 
expand and contract during the respiratory cycle, an 
efficient surfactant must adsorb rapidly to the surface, 
and respread quickly after compression [3,4]. In addi- 
tion, the surfactant monolayer must withstand high 
compressive forces in order to generate the requisite 
low surface tension. Pulmonary surfactant is enriched 
in saturated phospholipids, such as dipalmitoylphos- 
phatidyleholine (DPPC), that are well able to withstand 
lateral compression at temperatures below their gel to 
fluid phase transition (Tin); however, such lipids adsorb 
and respread poorly [I,5,6]. By contrast, unsaturated 
phospholipids exhibit much better dynamic properties 
but cannot achieve low surface tension values. Al- 
though numerous investigators have attempted to cre- 
ate synthetic surfactant using lipid mixtures, including 
mixtures modelled upon the composition of natural 
surfaetant, synthetic surfaetant with properties identi- 
cal to the natural product have not been achieved. In 
contrast to synthetic lipid surfactant, organic extracts 
of pulmonary surfactant have surface activity compara- 
ble to that of natural surfactant. 

Two small hydrophobic surfaetant-associated pro- 
teins, SP-B (Mr~ 87011, monomeric form) and SP-C 



(M r = 4200), exist as minor components in pulmonary 
surfactant and organic solvent extracts of whole surfae- 
rant [7-9]. These proteins contain predominantly hy- 
drophobic domains and are derived from larger precur- 
sor proteins from which the more hydrophilic regions 
have been cleaved. The smaller proteolipid, SP-C, is 34 
amino acid residues in length in its mature form, and is 
very rich in valine, leucine and isoleucine [7,10,11]. in 
addition, palmitoyl groups are covalently attached to 
the adjacent cysteines of SP-C [12]. The larger protein, 
SP-B, contains 79 residues and is somewhat more polar 
than SP-C [13,14]. When recombined into vesicles with 
synthetic phospholiplds. SP-C confers surfactant activ- 
ity comparable to that of natura) surfactant both in 
vitro and in vivo [15]. Since preparations of SP-C and 
phospholipids are active at SP-C concentrations of 
0.2% (w/w, protein/lipid) or less [15], and the suffac- 
rant material comprises mainly lipid rather than pro- 
tein, the pronounced enhancement of activity observed 
in the presence of SP-C must reflect lipid reorganiza- 
tion induced by the protein. 

in order to determine the effect of SP-C on 
phospholipid structure, steady-state and time-resolved 
fluorescence polarization measurements were per- 
formed on model phospholipid vesicles labeled with 
fluorescent probes and containing purified bovine SP-C 
at physiologically relevant concentrations. Such mea- 
surements permit the determination of the rate of 
rotational depolarization of the fluorophore embedded 
within the phospholipid bilayer. Effects of SP-C on the 
structure of lipid bilayers are likely to be reflected by 
changes in the motignal freedom of a lipophilic probe. 
Fluorescence lifetimes and time-resolved fluorescence 
anisotropies were therefore determined for fluorescent 
phospholipid probes in model phospholipid vesicles at 
temperatures below and above T m in order to distin- 
guish gel phase and fluid phase effects of the SP-C 
protein. 

The fluorescent probe NBD-PC has been used to 
label phospholipid vesicles and trace their intracellular 
routing in reuptake experiments by fluorescence mi- 
croscopy [16,17]. In addition to the intense emission 
and large Stokes shift which make NBD-PC valuable 
for microscopy, the NBD fluorophore is a useful re- 
porter of its local environment, since the quantum 
yield and wavelength of emission are strongly depen- 
dent on polarity. NBD-eontair~ing probes are highly 
sensitive to self-quenching effects in high concentra- 
tions or when concentrated in domains [25]. NBD-PC 
has been widely used as a reporter of lipid bilayer 
structure and for lipid-protein interactions [18]. Unlike 
more hydrophobic membrane probes, it is sensitive to 
perturbations at the surface, rather than the interior, 
of the bilayer. In the experiments reported her~, NBD- 
PC was used to label vesicles for time-resolvcd and 
steady-state anisotropy measurements jim order to ob- 
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tain information on lipid-protein interactions of bovine 
SP-C. 

Experimental methods 

Purification of SP-C 
SP-C was isolated from cow lungs by methods de- 

scribed previously [7]. Briefly, freshly excised lungs 
wer~ lavaged with 0.15 M saline and surfactant was 
pelleted by centrifugation. Surfactant was extracted 
with 2:1 (v/v) diethyl ether/ethanol  or CHCI3/ 
CH3OH, and the extract was dialyzed against the same 
solvent. SP-C was purified from the dialysate by pass- 
ing the dialysate through a silica column using a step- 
wise gradient of chloroform/methanol. Prolonged 
dialysis in chloroform/methanol/0.01 M HCI was uti- 
lized to remove contaminating lipids and protein. Silica 
column chromatography and dialysis were repeated 
until a sufficiently pure preparation of SP-C was ob- 
tained. In the final dialysis step, the purified SP-C was 
dialyzed against 2:1 (v/v) chloroform methanol to 
remove the HCI. SP-C was stored as a CHCI3/CH3OH 
(2: !, v/v)  solution. Purity of SP-C was determined by 
SDS-PAGE analysis and SP-C concentration was esti- 
mated by amino acid compositional analysis as de- 
scribed elsewhere [19]. SP-C generated by this method- 
ology contained no detectable SP-B as assessed by 
ELISA or Western blot analysis using SP-B specific 
antisera. 

Preparation of multilamellar vesicles 
Stock solutions of phospholipids (Sigma Chemical 

Co., St. Louis) in chloroform were mixed to give a final 
molar ratio of 6:1:1 DPPC/DPPG/eggPC or 7:1 
DPPC/DPPG. SP-C in 2 : 1  (v/v) chloroform/ 
methanol solution was added to give the concentration 
desired (0 to 4% w/w SP-C with respect to total lipid). 
The lipids or protein/lipid mixtures were warmed at 
45°C while being dried under a gentle stream of nitro- 
gen. 2 ml of buffer, at 45°(2, consisting of 10 mM Mops, 
120 mM NaCI, 2 mM EDTA (pH 7.0) was added to the 
dried film. The samples were incubated for 30 min at 
50°C. A volume of 0.3-0.5 #.l of a 1 mg ml -m NBD- 
probe/CHCI 3 stock solution was added either after 
addition of the 10 mM Mops buffer (as applies to most 
preparations used), or before solvent evaporation of 
lipid/protein organic solutions as specified in the text. 
Concentrations of NBD-PC and NBD-PG stock solu- 
tions were determined by measuring the absorbance at 
460 nm in methanol, using e4s0= 2 '  104 cm-~ M 
[18]. The final dye/lipid mole ratio was approximately 
0.15% (or 1 : 700). The fluorescent probe was dispersed 
by brief sonieation and vortexing, and the samples were 
incubated an additional 5 min at 50°C. Multilamellar 
vesicles were formed upon vortexing for 30 s as de- 
scribed previously [20-22]. The vesicles were then soni- 



cated for 30 s in an EM/C bath ultrasonicator at room 
temperature in order to reduce aggregation of vesicles. 
For experiments requiring unilamellar vesicles, multi- 
lamellar dispersions were sonieated at 60 watts for 2 
min at 0*(2 using a Braun Sonic 2000 sonieator equipped 
with a 5 mm microtip. 

In order to estimate the maximum possible fluores- 
ct'nce contributed by free NBD-probe (i.e., probe not 
as,,:ociated with vesicles), 1/zl of 0.22 mM NBD-PC in 
ethanol was injected into 2 ml of the Mops buffer 
wit|;.in a stirred cuvette at 30°C. 

Stead).state fhtorescence 
For :~teady-state measurements, samples were trans- 

ferred ~o quartz euvettes and placed in the sample 
chamber of a Perkin-Elmer LS-50 fluorometer, which 
was main,ained at the initial temperature of the exper- 
iment witl~ a Lauda circulating water bath. The sam- 
ples were a!lowed to equilibrate at this temperature for 
at least 30 rain, with gentle stirring. For NBD-PC, 
excitation was at 465 nm and emission at 529 nm. For 
NBD-PG, excitation was at 463 nm and emission at 530 
nm. In order to allow comparison of fluorescence in- 
tensities among samples in a single experiment, Triton 
X-100 was added at the end of the experiment from a 
10% (w/v) stock ;olution to give a final concentration 
of 1%, at 50"C. 

In the determinations of the error in anisotropy 
values resulting fron: free NBD-probe, the uncorrected 
anisotropy r u and tl)e corrected anisotropy r c were 
calculated as follows: 
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where lw and l,n are the pa.rallel and perpendicular 
components of fluorescence ob,. erved respectively, with 
the superscripts 'f' and '1' den(.ting whether the sam- 
ples were free NBD-PC, or lipost,mes containing NBD- 
PC, respectively, and G is the anistropy correction 
factor. The maximum percent erro) that could be intro- 
duced by the free dye is calculated ~o be: 

%em~,, t = ru - rc X 100 
ru 

The correction to the anistropy ol; ained by this 
method will be greater than the actual c retribution of 
free NBD probe to the observed anistropy. This method 
was used to estimate the maximum possiv, le error in- 
troduced by unbound probe. 

Self-quenching experiments 
For self-quenching experiments, multilamellar vesi- 

cles were formed as described above, except that the 
NBD-PC or NBD-PG probes were mixed with lipids 
and protein in chloroform/methanol prior to drying 
under N2. Final liiAd concentrations were 0.2 mM. 
Steady-state fluorescence intensity and anisotropy of 
the vesicles were recorded at 20°C. An aliquot of 10% 
Triton X-100 (Calbiochem) at 50°C was added to bring 
the final concentration to 1%. Samples were incubated 
with stirring for at least one-half hour to ensure disso- 
lution of vesicles. Fluorescence in the presence of 
Triton was also recorded at 20°C. The ratio of fluores- 
cence intensity in vesicles to fluorescence in 1% Triton 
X-100 was corrected for dilution to give Fv/F T. The 
ratio of the fluorescence intensity of NBD probe in 
vesicles in the absence of self-quenching to the fluores- 
cence in Triton X-100, (FJFT) ., was obtained by 
extrapolating the curve of (FJF T) vs. tool% NBD 
probe back to zero mol%. The percent of fluorescence 
quenching at each probe concentration (%Q) was then 
calculated according to: 

%0=(1_ (F,//%) l ~xlO0~ 

In some experiments, NBD probe concentrations 
were sufficiently high that the reduction in fluores- 
cence due to the inner filter effect became significant 
(those in which the mol% NBD probe exceeded 1%). 
In those experiments, the optical density of the sam- 
ples in 1% Triton X-100 at the excitation and emission 
wavelengths (OD~ and OD~m) were measured follow- 
ing the completion of fluorescence measurements. Cor- 
rected fluorescence intensities were obtained according 
to: 

/ OD, +OD. l 
r..,,, = ~,,,. ~ n . , o ~ t - ~  J 

where F,,b, is the observed and F~orr is the corrected 
fluorescence intensity. F~o, was then used for all fluo- 
rescence calculations. 

Time-resoh'ed fluorescence 
Frequency-domain fluorescence measurements were 

performed at the Center for Fluorescence Dynamics, 
University of Illinois at Champaign-Urbana, on a modi- 
fied instrument employing SLM480 T-format optics 
mated to a variable-frequency modulator and con- 
trolled by desktop computer using custom software. A 
nitrogen laser provided excitation at 325 nm. Excita- 
tion light was modulated at several frequencies be- 
tween 1 and 160 MHz to permit resolution of multi-ex- 
ponential lifetime decays by the phase-shift technique 



[23]. In order to measure rotational correlation times, 
the phase angle differences and modulated amplitude 
ratios between horizontally and vertically polarized 
components of the emission at 490 nm were deter- 
mined in paired measurements with emission polariz- 
ers alternately parallel and perpendicular. The polar- 
ized phase and modulation data were compared to 
values predicted for isotropic, anisotropic, and hin- 
dered rotator models given by the following expres- 
sions [24]: 
for an isotropie rotator, 

r( t )  = r o e -a'" ( I )  

for an anisotropie rotator, 

r ( t )  = r o ~ g  , e - t / "  (2) 
i 

and for a hindered anisotropic rotator, 

r( t ) = ( r - r=) e - ' / °  + r~ (3) 

where r ( t )  is the emission anisotropy at time t after 
fluorescence cxc!*ation, ro is the limiting anisotropy 
which would be observed in the absence of depolariz- 
ing rotations, and 0 i is the correlation time for the ith 
depolarizing rotation. The g factors indicate the frac- 
tion of the limiting anisotropy dissipated by each depo- 
larizing rotation, where ~g~ = 1. Eindercd rotations 
an, modeled by including r®, which indicates residual 
anisotropy persisting at times much longer than the 
fluorescence lifetime. A nonlinear least-squares fit be- 
tween the experintental results and the correlation 
times predicted for a partic:dar model were calculated 
using the ISS187 computer program, ISS Instruments, 
Urbana, IL. X 2 values were used to evaluate the rela- 
tive appropriateness of a given model, in all cases, 
since NBD-PC was incorporated into phospholipid bi- 
layers, the NBD probe was modelled best as a hin- 
dered anisotropic rotator (Eqn. 3). Maximum 
anisotropy (r0), was measured in glycerol at 0°C. 

R e s u l t s  

S t e a d y - s t a t e  f l u o r e s c e n c e  

The temperature-dependence of the steady-state 
anisotropy of NBD-PC in 7:1 DPPC/DPPG (mol/  
mol) multilamellar vesicles as a function of bovine 
SP-C concentration and temperature is shown in Fig. 
1A. The anisotropy curve of NBD-PC in lipid only is 
characterized by a sharp decrease in anisotropy from 
38°C to 42'C, with an inflection point at 41°C corre- 
sponding to the gel/fluid phase transition temperature 
(T m) of 7:1 DPPC/DPPG membranes. Upon incorpo- 
ration of increasing amounts of SP-C, substan,qal 
broadening of the phase transition occurred. At tern- 
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Fig. I. Steady-state fluorescence anisotropy of (A) NBD-PC and (B) 
NBD-PG in 7:1 DPPC/DPPG multilamellar vesicles as a function 
of temperature and SP-C concentration. SP-C concentrations arc: 
0% (ll). 0.5% (o), 1,0% (0), and 2.0% (,a)(w/w, protein/lipid). 
Total lipid concentrations were 0.15 mg/ml. For NBD-PC (A) exci- 
tation was at 465 nm and emission was recorded at 529 nm. For 
NBD-PG (B) excitation was at 463 nm and emission at 530 nm. The 
data points represent the average of three or four experiments, and 
the error bars represent the standard deviations of the data for each 

point. For clarity data points have been staggered slightly (0.2 CO). 

peratures below the gel/fluid transition of DPPC/ 
DPPG, specifically in the range of 20°C to 32*(2, addi- 
tion of SP-C resulted in marked increases in NBD-PC 
anisotropy. This increase is apparent at 0.5% (w/w) 
protein with respect to lipid, corresponding to a molar 
ratio of 1:1120 (protein/lipid). Above the gel-fluid 
phase transition temperature, an increase in anisotropy 
was often observed, but not reproducible. The effect of 
the presence of SP-C on the anisotropy of NBD-PG in 
7:1 DPPC/DPPG vesicles at gel phase temperatures 
(Fig. IB) was nearly identical to that observed for the 
NBD-PC probe over the same temperature range (20- 
38°C) in that anisotropy increased with increasing SP-C 
concentration. In the fluid phase (42-50°C), NBD-PG 
exhibited a small, but reproducible, increase in 
anisotropy at the highest concentration of SP-C exam- 
ined (2% (w/w)). No hysteresis was observed upon 
cooling the samples from 50°C to 20°C (data not shown), 

The data presented in Fig. 1 were obtained frGm 
3-4 preparations at each SP-C concentration. Each 
experiment examined four samples in parallel, contain- 
ing 0, 0.5, i.0 and 2.0% SP-C (w/w protein to lipid), 
The increase in anisotropy as a function of SP-C con- 
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Fig. 2. Rehaivc flut)reseence intensity of (A) NBD-PC and (B) 
NBD-PG in 7:1 DPPC/DPPG multilamellar vesicles as a function 
of temperature artd SP-C concentration. The fluorescence intensities 
are displayed as the ratio of the fluorescence at each temperature to 
the fluorescence of the sample at 511°C in the presence of IC~ Triton 
X-100. (not e~;rectt:d for dilutionk SP-C concentralions are: (If; 
(B). 11.5C,; ((3), l.()f', (#) ,  and 2.W'~ ( t=)(w/w,  protein/lipid). Total 
lipid c:)ncentratio~,~ v'ere 0.15 mg/ml. For NBD-PC (A) excitation 
was at 465 nm and emission at 529 pro. For NBD-PG (B) excilalion 
was at 463 nm and emission at 5311 nm. The data points represent the 
average of two (A) and three (B) experiments each. In (B) the error 
bars are standard deviations. For clarily the data points have been 

staggered slightly (0.2 C°). 

centrat ion was quite consistent from one experiment  to 
the next, a l though the exact values of anisotropy varied 
somewhat,  (as indicated by the error  bars in Figs. 1-3, 
which correspond to s tandard deviation of the data). 
Anisotropy profiles very simil,~r to those i l lustrated in 
Fig. 1 were obtained when vesicles were sonieatcd at 
611 watts for 2 min to yield small uni lamellar  vesicles 
(data  not shown). 

To further characterize the effect of SP-C on NBD- 
PC (and NBD-PG) in 7: I D P P C / D P P G  mult i lamellar  
vesicles, fluorescence intensity measurements  were ob- 
tained as a function of temperature  and SP-C concen- 
trat ion (Fig. 2). At temperatures  within the range of 
20°C to 35°C, the fluorescence intensity of NBD-PC in 
the D P P C / D P P G  liposomes is low relative to its fluo- 
rescence at the phase transition (41°C). The fluores- 
cence of NBD-PC or NBD-PG increases to a maximum 
at the phase transition as melt ing of the lipid pro- 
gresses. The relative fluorescence intensity of NBD-PC 
at tempera tures  above T m decreases with increasing 

temperature.  A temperature- induced increase in fluo- 
rescence a! temperatures  below the phase transition is 
also apparent  in thc presence of SP-C. As SP-C con- 
centrat ion is increased, the temp,~.rature at which maxi- 
mal fluorescence is reached decreases from 41°C, in 
the absence of SP-C, to approx. 36°C in the presence of 
2% SP-C. As with the anisotropy data,  the fluores- 
cence  in tens i ty  p rof i l e  of  N B D - P G  in 7 : 1  
D P P C / D P P G  liposomes in the absence and presence 
of SP-C was similar  to that of NBD-PC (Fig. 2B), but  
with slightly more sensitive to lower concentrat ions of 
SP-C. For both NBD-PC and NBD-PG, addit ion of 
SP-C to the model membrane consistently shifted the 
wavelength maxima to shorter  wavelengths by a maxi- 
mum of 3 nm for 2% SP-C at 20°C. 

When NBD-containing fluorescent probes are con- 
centrated in micelles, bilayers, or a domain within a 
bilayer, their  fluorescence is greatly decreased due to 
self-quenching [25,26]. To test whether  the low fluores- 
cence observed at 20°C in 7 :1  D P P C / D P P G  vesicles 
was due to self-quenching of the NBD probe, fluores- 
cence intensity was measured  over a range of probe 
concentrat ions from 11.112 to 2.5 tool% relative to bulk 
lipid. The concentrat ion dependent  quenching of 
NBD-PC fluorescence in 7 :1  D P P C / D P P G  vesicles in 
the presence and absence of 2% SP-C is represented 
by Fig. 3A. In 7: i D P P C / D P P ( J ,  NBD-PC is remark- 
ably sensitive to self-quenching, with 50% quenching of 
fluorescence observed at 11.23 mol%. Addit ion of 2% 
( w / w )  SP-C (or (1.4 mol% SP-C) to the 7 : 1  
D P P C / D P P G  vesicles results in decreased sell'- 
quenching at a probe concentrat ion of less than 2 
mol%. Extrapolation of the curve of (Fv/F T) vs. con- 
centrat ion to zero mol% results in a value of (F,,/F.r) 
0f 1.8 in the absence of SP-C and 2.1 in the presence of 
2% SP-C. For NBD-PG, the value of (Fv/FT)t)was 2.1 
in the absence of SP-C or 2.0 in the presence of SP-C. 
The quanti ty (F,/FT) u is proportional  to the intrinsic 
fluorescence of the probe in the absence of self- 
quenching. Since (F,/FT)o is not significantly al tered 
by the presence of SP-C, the lower fluorescence inten- 
sity in the absence of SP-C can be at t r ibuted ~) ~,-!|'- 
quenching. 

The dependence  of NBr),4~C anistropy on probe 
concentratkm is shown ~ 1,~. 3B. At low probe con- 
centrations, ine!ud~,,- ~]lose used in the experiments  in 
Figs. I and 2 (0 'o mol%), a large increase in anisotropy 
is ob.':~:r~," ~; m the presence of 2% LP-C, as compared 
to lipid a,one. At  higher NBD-PC concentrat ions the 
anisotropy curves in the prcse.~ee or absence of SP-C 
appear  to converge. By using the lowest practical probe 
eot:::entrations, we minimize both the effects of self- 
quen, 'hing and of perturbat ion of the bulk bilayer by 
probe laolecules. 

Becau:~e NBD-PC and NBD-PG, with the NBD 
group located at the end of a six carbon acyl chain, 



lop 

8o 

{go 

20 

0 

0.2 

O.t 

• A 

I I I I 

B 

I I 
O'O0.o 0.5 1.0 11.5 2.0 2,5 

mole • NBD-PC 

Fig. 3. Fluorescence quenchio~ ~A) and anisotropy (B) of NBD-PC in 
7:1 DPPC/DPPG in multilamellar vesicles in the presence and 
absence of 2% SP-C as a function of NBD-PC concentration. % 
Quenching is calculated as described in methods. SP-C concentra- 
tions are (m) 0% and (zx) 2% (w/w, protein/lipid). NBD-PC 
concentrations are expressed as tool% with respect to unlabelled 
lipid. Experiments were performed at 2{)°(2'. Data from the three 

separate experiments are shown. 
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have a relatively high critical micelle concentration of 
32 nM [27], it was necessary to determine whether 
monomers of the NBD probe, not incorporated into 
vesicles, could be a contributing factor to the anisotropy 
changes. The fluorescence of solutions containing g to 
110 nM NBD-PC, prepared by the ethanol injection 
method described above, was compared with the fluo- 
rescence of solutions of 7:1 DPPC/OPPG multi- 
lamellar vesicles containing the same total amount of 
NBD-PC. The fluorescence of the free probe was ap- 
prox. 2% of the fluorescence of the vesicles throughot, t 
this range. The contributions of unbound NBD-PC to 
the parallel and perpendicularly polarized components 
of emitted light were measured and found to con- 
tribute no more than 2% 2rror to the measured 
anisotropy, well within the range of  experimental error 
(data not shown). In addition, the fluorescence of 330 
nM NBD-PC prepared similarly was measured. This 
concentration of total NBD-PC corresponds to that 
used in the experiments shown in Figs. 1, 2 and 4. 
Multilamellar 7:1 DPPC/DPPG vesicles containing 0 
or 1% SP-C were added to the NBD-PC dispersion 
and the fluorescence monitored for 5 h at 30°C. As the 
NBD-PC bound to the added vesicles, the fluorescence 
increased dramatically, in a manner similar to that 
observed by Arvinte et al. [25] for NBD-phosphatid:d- 
ethanolamine. The fluorescence in the absence of vesi- 
cles was 3% or less that observed in the presence of 
vesicles, in agreement with published data on the NBD 
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probes [25,27]. The amount of free NBD-PC (or NBD- 
PG) present in the experiments in Figs. 1 and is less 
than that used in this titration experiment, and there- 
fore, these values represent the maximnm error intro- 
duced into the experiments by free NBD-PC or NBD- 
PG. No difference was seen in the rate of uptake of 
NBD-PC by vesicles containing 1% SP-C as compared 
with those lacking SP-C, although the fluorescence 
intensity of the SP-C-containlng vesicles was higher (in 
agreement with Figs. 2 and 3). 

Lipid mixtures, such as 6:1:1 D P P C / D P P G /  
eggPC, have been used to mimic the native lipid com- 
ponent of pulmonary surfactant si~:ce the amount of 
eggPC supplements the DPPC/DPPG mixture with an 
approximate amount of fatty acyl unsaturation found in 
surfactam phospholipids [6,28]. Therefore, it was of 
intere,,t to examine the effect(s) of SP-C on such it lipid 
mixture using NBD-PC and NBD-PG as reporh.~rs of 
lipid organization. As illustrated in Fig. 4, the eff,~.ct of 
the presence of eggPC on NBD-PG fluorescence 
anisotropy is readily apparent. As compared to thg 7:1 
DPPC/DPPG mixture, the phase transition is brGad- 
ened, and the transition temperature is reduced to 
22°C or below. The actuai T m cannot be determined 
from these data because the gel/fluid phase transition 
had begun at the lowest temperature studied, 10°C. At 
fluid phase temperatures (i.e. above 32°C), an increase 
in anisotropy with increasing SP-C concentration is 
apparent. Since a pure gel-phase was nat reached 
during these experiments, and since the extent of phase 
separation of these samples is not known below fluid 
phase temperatures, determination of the effect of 
SP-C on the anisotropy of NBD-PG is not possible for 
temperatures below the transition temperature. How- 
ever, the highest concentration of SP-C studied (2% 
(w/w)) caused more extensive broadening of the 
gel/fluid-phase transition. As shown in the inset of 
Fig. 4, the temperature dependence of NBD-PG fluo- 
rescence intensity in 6:1 : 1 DPPC/DPPG/eggPC 
vesicles differs from that of NBD-PG in 7 :1  
DPPC/DPPG liposomes in that the fluorescence de- 
creased with increasing temperature over the tempera- 
ture range studied. This indicates that NBD-PG was 

much less quenched in the DFPC/DPPG/eggPC 
preparations at lower temperatures, and therefore, lit- 
tle relief of quenching by SP-C was observed. The 
reuults obtained using NBD-PC as the reporter in the 
6:1 : 1 DPPC/DPPG/eggPC mixture were similar to 
those of NBD-PG (data not shown). 

Li fe t ime  analysis 

Fluorescence lifetime data of NBD-PC in 7:1 
DPPC/DPPG and 6:1 : 1 DPPC/DFP,.Q/eggPC vesi- 
cles (II°C), in the presence and absence of SP-C were 
consistent with a two lifetime model as determined by 
Gaussian fit analysis (Table I). Both the longer and 
shorter lifetime species (~'j, and ~'2, respectively) were 
higher in value in the DPPC/DPPG/eggPC prepara- 
tions than in DPPC/DPPG preparations. Addition of 
SP-C to either model lipid mixture result,:d in an 
increase in both ~'t and ~'2 of NBD-PC. These in- 
creases were most pronounced in the 7:1 DPPC/ 
DPPG model membrane, where incorporation of 1% 
(w/w) SP-C increased both the ~'t and ~'2 by nearly 
40%. This is compared to an increase of only 9 to 10% 
for both the ~'l and tr 2 of NBD in the 6:1 : 1 DPPC/ 
DPPG/eggPC iiposomes. 

In order to characterize the effect of SP-C on NBD- 
PC lifetime components in vaD'ing lipid phases (i.e. 
gel-like and fluid phases), the temperature dependence 
of *'t and ~'2 in the absence and preseuce of SP-C was 
measured. Fig. 5 illustrates the effect of temperature 
and SP-C incorporation into 6:1 : 1 D P P C / D P P G /  
eggPC liposomes on ~'t and mole fraction (a~) of the 
long lifetime component. Over the entire temperature 
range studied, ~'l was consistently higher in the pres- 
ence of SP-C than the absence of protein. From II°C 
to approximately 30°C, the values of *t decreased 
dramatically in both preparations. The values of the 
long lifetime components remained fairly constant from 
30°C to 40°C. The value of the short lifetime species 
was not significantly affected by either temperature or 
incorporation of SP-C into the DPPC/DPPG/eggPC 
liposomes (all values for ~'2 were between 1.3 to 1.0 ns 
from 20°C to 45°C, data not shown). In the presence 
and absence of SP-C the mole fraction of the long-life- 

TABLE I 

Gaussian best-fit parameters for two lifetime models of NBD-PC fluorescence decay in 7: I DPPC / DPPG and 6:1:1 DPPC / DPPG / eggPC 
muhilamellar vesicles bz the absence and presence of bovine SP.C. T = I I*C 

Symbols are as follows: ft.2 = fraction of respective lifetime component; ~'L2 = lifetime centers (ns); rq. 2 = mole fractions of the fluorophore 
decaying at the respective lifetime. 

Sample ~'t (ns) ]'t ~tl ~'2 ins) f2 a~ X 2 

7: I DPPC/DPPG 6.44 ( + 0.06) 0.77 ~ I 1.35 ( :1: 0.08) 0.23 ~.'.'~9 4.92 
6:1:1 DPPC/DPPG/eggPC 8.16(+0.09) 0.88 0.66 2.22(+0.10) 0.12 0.34 1.65 
7: I DPPC/DPPG + I% SP-C 8.84 (:t:0.10) 0.85 0.56 1.96(+0.11) 0.15 0.44 3.31 
6:1:1 DPPC/DPPG/eggPC + 1% SP-C 8.88(+0.12) 0.89 0.68 2.35(+0.141 tl.II 0.32 2.74 
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of I% bovine SP-C (w/w protein/total lipid). Excitation and emis- 
sion wavelengths of NBD-PC were 325 nm and 490 nm, respectively. 

time component increased with increasing tempera- 
ture, with the addition of SP-C resulting in a more 
gradual, nearly linear, increase ir:~ an- Between ll°C 
and 30°C, no difference in the mole fraction of the long 
lifetime species was observed upo~t addition of SP-C; 
however, at 32°C and above, SP-C .~ignificantly reduced 
the proportion of the NBD-PC long lifetime species. 

Rotational correlation times 
Differential phase and modulation polarization 

measurements offer a means of monitoring the lateral 
pressure experienced by a probe molecule in its local 
environment. Differential phase and modulation data 
may be used to calculate the ,'ate +of depolarizing 

rotation of the fluorescent probe molecule as the rota- 
tional rate slows in more rigid envirenments. In espe- 
cially restrictive sites the fluorophore may exhibit 
residual polarization even at times much longer than 
the fluorescence lifetimes. Such limiting anisotropy (r~) 
is commonly observed for probes in lipid bilayers. 
Higher lateral pressure imposes increasing order upon 
the phospholipid chains and upon probe molecules 
embedded within the bilayer as well. Hence, calcula- 
tion of r® from phase and modulation data provides a 
method for monitoring changes in lateral pressure. 
Accordingly, r® was calculated for the NBD-PC probe 
using several rotational models. Parameters for 
anisotropy decay, as calculated using the hindered 
model (i.e. Eqn. 3), are summarized in Table II. For 
these calculations, each lifetime component was al- 
lowed one or two rotational correlation times. In all 
eases, the fit was not sufficiently improved by including 
two rotations for the long lifetime component (X 2 did 
not decrease by more than 10%). Therefore, the results 
presented (in Tabl,~ II) were calculated based on one 
rotational component for the long lifetime species. The 
limiting anisotropy values given in Table 11 correspond 
only to the long lifetime component since the short 
lifetime component did not exhibit an r® regardless of 
the absence or presence of SP-C. Phase modulation 
data for both the DPPC/DPPG and D P P C / D P P G /  
eggPC model membrane preparations at II°C show 
substantial r® components to the long lifetime species. 
These r® components are increased once SP-C is incor- 
porated into the liposomes. These data suggest that 
SP-C exerted a static ordering effect within the head- 
group region of the membrane bilavers. 

The non-infinite rotational correlation times (O t and 
02) of NBD lifetime components (~'t and ~2, respec- 
tively) are an indication of the dynamic order within 
the environment of the fluorophore. Values of 01 and 
02 of NBD-PC in DPPC/DPPG/eggPC vesicles in- 
creased slightly upon inclusion of SP-C, but for the 
probe in 7:1 DPPC/DPPG liposomes, both 0 t and 82 
nearly doubled in value upon addition of SP-C. These 
results indicate that SP-C induced a modest decrease 

TABLE II 
Rotational correlation times and r® t'alues of NBD.PC in 7: I DPPC / DPPfJ and 6: I: I DPPC / DPPG / eggPC multilamellar t'esicles in tire absence 
and presence of I% (w/w) SP-C, at II°C 

O r and 02 represent the average rotational correlation times corresponding to the components with lifetimes "r| and ~'~, respectively (see Table 
i); the order parameter, S 2 is calculated Irom i~ and r o ( = 0.380) using Eqn. 4. 

Lipid mixture SP-C 01 (ns) g2 (ns) r® ~:2 S~ 

7: I DPPC/DPPG 1.39 ( + 0.02) 0.095 ( + 0.004) 0.097 1.23 0.505 
+ 2.60 ( + 0.03) 0.161 ( + 0.007) G. 142 1.0S 0.612 

6: I : 1 DPPC/DPPG/eggPC -- 2.49 (± 0.06) 0.054 ( + 0.002) 0.114 2.34 0.54~ 
~- 3.31 (+0.08) 0.131 (+0.02) 0,132 2,79 0.589 



in the rotational rate of the fluorophore. Therefore, 
incorporation of SP-C into the liposomes caused a 
slight increase in the dynamic order of the lipids. 

Discussion 

The data presented in this paper demonstrate the 
effects of suffaetant-associated protein SP-C on the 
organization of iipids in two model membrane systems 
of similar composition to pulmonary surfaetant, as de- 
termined by steady-state and time-resolved fluores- 
cence measurements of the membrane probes NBD-PC 
and NBD-PG. Changes in fluorescence lifetimes, in- 
tensity, anisotropy and rotational correlation times of 
the NBD moiety reflect alterations in the dynamic 
structure of the lipid bilayer. 

In order to determine SP-C-induced perturbations 
in lipid organization, it was necessary to characterize 
the fluorescence properties of the NBD fluorophore in 
the model membranes in the absence and presence of 
SP-C. Quenching experiments with aqueous quenchers 
[29] and spin-labelled lipids [22] have shown that in a 
major conformer of several NBD probes, including 
NBD-PC, the NBD ring is folded towards the bilayer 
surface. The fluorescence lifetimes of NBD-PE (phos- 
phatidyl ethanolamine) in liposomes and in water /  
ethanol mixtures uf various compositions have been 
studied by Arvinte et al. [25]. In solution, the wave- 
length maximum was shifted to shorter wavelength, 
and the fluorescence intensity and the single observed 
lifetime increased with decreasing solvent polarity. In 
liposomcs, two lifetimes were observed. Both lifetimes 
decreased with increasing NBD-PE concentrations, and 
the mole fraction of probe contributing to the shorter 
lifetime increased due to self-quenching effects, as 
NBD-PE concentrations were increased over the range 
of 0-25 mol% NBD-PE [25]. In the experiments re- 
ported here, very much lower probe concentrations 
were used; however, the uniform acyl chain packing of 
DPPC/DPPG bilayers, and the location of the NBD 
group on the end of a f-carbon acyl chain in the 
NBD-PC and NBD-PG probes, produce the self- 
quenching obser~,ed even at low probe concentrations. 
The two lifetimes observed for NBD-PC in liposomes 
(Table i) are similar to those observed for NBD-PE 
[25]. it is possibie that the two lifetime species can be 
attributed to different conformers of the NBD probe, 
with the longer lifetime arising from the NBD moiety 
in a conformation that buries it in a less polar environ- 
ment. Alternatively, the short lifetime species could 
arise exclusively from self-quenching. Both lifetimes 
increase on addition of SP-C to 7 : i  DPPC/DPPG 
vesicles, an effect which could arise from (l) decreased 
self-quenching, or (2) from a probe conformation ex- 
posing the NBD moiety to a less polar environment. 

Two distinct differences between gel and fluid phase 
lipids may account for either the preferential occur- 
lent~e of the long-lifetim~ conformer or the decrease in 
self-quenching in the fluid phase. Since the phospho- 
lipid acyl chains are more disordered in the fluid than 
in the gel phase, they may better accommodate the 
irregular shape of the probe molecule when it is folded 
into the lipid bilayer interior. From this perspective, 
the gel phase lipids tend to exclnde the probe molecules 
due to the uniformity of packing of aeyl chains in the 
gel phase. Secondly, the lateral pressure is higher within 
the gel phase than in the fluid phase [30]. The in- 
creased pressure within the acyl region of gel phase 
lipids may cause the probe to adopt a more superficial 
conformation or form self-quenched domains. The rel- 
ative hydrophilicity of the NBD fluorophore makes 
these probes sensitive to changes in lipid order in the 
more polar regions of the bilayer. Although any fluo- 
rescent probe will perturb the bilayer to some extent, 
the very low concentrations which we have used in all 
experiments other tF, an the self-quenching experiments 
should minimize tl,,e perturbation, while being very 
sensitive to perturbations caused by added protein. 

The addition of SP-C to the 7 : i  D P P C / D P P ~  
vesicles results in an increase the fraction of the NBD 
probes in the longer lifetime conformer, an increase 
the lifetimes of both conformers, and a small blue shift 
in wavelength maximum of NBD fluorescence. These 
effects can be explained by a disordering of the acyl 
chain region produced by SP-C, introducing packing 
defects which relieves self-quenching of the NBD 
probes and allow the NBD probes to adopt a more 
buried conformation. The shift in wavelength maxi- 
mum is also consistent with a less polar environment of 
the NBD moiety [18]. Additionally, SP-C causes an 
increase in steady-state anisotropy of the NBD probes 
in the gel phase, which is also de~ectable in time-de- 
pendent experiments as an increase in the rotational 
correlation times and the r= of the fluorophor¢. This 
partial immobilization of the lipids together with the 
apparent disordering of the acyl chain region may 
imply a differential ef.%ct of SP-C on the headgroup 
region and the interior of the bilayer. An alternative, 
but not exclusive, interpretation is that SP-C iacreascs 
the lateral pressure specifically in the headgroup re- 
gion of the bilayer, forcing the NBD fluorophore into a 
more buried conformation. This interpretation is dis- 
cussed below. 

Inclusion of SP-C into the 6:1 : 1 D P P C / D P P G /  
eggPC model membrane has little effect on the distri- 
bution of probe conformations at temperatures be- 
tween 11 and 33°C but lowers the proportion of the 
long lifetime conformer by 15 mol% above 33*(2. The 
fact that no effect on distribution was seen in the 
D P P C / D P P G / e g g P C  vesicles may be a result of the 
inability to achieve pure gel phase lipids at the temper- 



atures studied. Additionally, the presence of a mixture 
of acyl chain lengths and degrees of unsaturation in 
eggPC would tend to disorder the acyl chain region of 
the bilayer, minimizing the additional effect of SP-C. 
The effects of SP-C on the rotational correlation times 
and r,~ remain evident even in the presence of eggPC, 
indicating that the ordering of the headgroup region of 
the bilayer by SP-C is independent of its effects on the 
lifetime of the probe. 

In the absence of SP-C, there is a sharp change in 
the value of a t, the fraction of the Iong-~!~etime con- 
former, between 30 and 33°C in 6 : 1 : !  DPPC/  
DPPG/eggPC, probably reflecting the melting of a 
separate domain of the membrane lipids. The presence 
of SP-C smooths out this transition, implying that SP-C 
may actually reduce the formation of domains, or per- 
haps, modulate their melting properties by maintaining 
more rigidity in the polar region of the bilayer. In 
contrast to the other hydrophobie surfactant protein 
SP-B [31]~ SP-C did not demonstrate a strong prefer- 
ential interaction with NBD-PG. 

The r:, value is related to the order parameter S, 
for the NBD fluorophore according to the equation: 

r~ / r n = ( S_, )'~ (4) 

This equation is strictly applicable for fluolophores 
in which the transition dipole for either absorption or 
emission is parallel to the symmetry axis of the probe 
[32], a condition not met by the NBD probe, however, 
the presumptive orientation of the long wavelength 
intramolecular charge-transfer transition is along the 
amino-nitro group axis, which is approximately coaxial 
with the direction of attachment of the NBD moiety to 
the acyl chain, about which depolarizing rotations oc  
cur. Moreover, the actual value of S 2 will differ from 
the calculated value by constant term. The values of $2 
calculated by Eqn. 4, (Table 11), indicate that SP-C 
induces a substantial increase in static ordering in the 
gel phase 7:1 DPPC/DPPG model membrane, and a 
smaller increase in the 6 :1 ,1  DPPC/DPPG/eggPC 
membranes at 11"(2. The order parameter S, has been 
correlated with the lateral pressure within the mem- 
brane [30]. Lateral pressure, which results from steric 
repulsion between neighboring acyl chains, requires 
that the polar head groups of the phospholipids be- 
come more closely packed [33]. An increase in lateral 
pressure induced by SP-C invites analogy to its ability 
to increase surface pressure (thereby decreasing sur- 
face tension) in monolayers, although the nature of the 
relationship between surface pressure ia ,t monolayer 
and lateral pressure in a bilayer is not well defined. 
The increase in S 2 upon addition of SP-C may be 
interpreted as due to relative immobilization of the 
lipid headgroup region with a subsequent increase in 
lateral pressure. 

In 7:1 DPPC:DPPG vesicles NBD-PC (Fig. 3A) 
and NI3D-PG (data not shown) are remarkably sensi- 
tive to self-quenching, with 50% quenching of fluores- 
cence observed at 0.23 reel%. In coi~lrast, a more than 
30-told greater concentration (8 reel%) of Cla-NBD- 
PC (1 -acyl-2-( 12-[ N.(7.nitrobenz-2-oxa- 1,3-diazol-4-yl) 
amino]dodecanoyl)phosphatidylcholine) was required 
to obtain 50% quenching in dioleoylphosphatidyl- 
choline [26]. The uniformity of acyl chain packing in 
the dipalmitoyl phospholipids used in our experiments 
is presumably sufficient to exclude NBD-PC and NBD- 
PG, causing them to form mierodomains of self- 
quenched molecules, in equilibrium with unquenched 
molecules present within the bulk lipid. Addition of 
pulmonary surfactant protein SP-C to the 7 :1  
DPPC/DPPG vesicles results in an increase in fluores- 
cence intensity which arises from a decrease in self- 
quenching (Fig. 3A). The SP-C molecules presumably 
disrupt the lipid structure in their vicinity, forming a 
domain of lipid which is less closely packed, and which 
does not exclude NBD-probe molecules. For self- 
quenching to be decreased by this mechanism, the 
disturbed lipid domain must be sufficiently large to 
allow dilution of NBD-PC or NBD-PG molecules, so 
that they are no longer self-quenched. 

At low NBD-PC concentrations, a large increase in 
anisotropy is observed on addition of SP-C (Figs. 1 and 
3) to 7:1 DPPC/DPPG vesicles. This reflects a de- 
crease in mobility in the headgroup region of the lipid 
bilayer in the vicinity of SP-C, in agreement with the 
time dependent results discussed above. The decrease 
in anisotropy in the 2% SP-C samples at high probe 
concentration is prohahly related to the presence of 
self-quenched domains enriched for probe molecules. 
In addition, the concentration of probe may be suffi- 
cient to cause major perturbation to lipid packing in 
the bilayer. The melting temperature of lipid in 7:1 
DPPC/DPPG vesicles is shifted to lower temperature 
in the vicinity of SP-C~ as shown by both the anisotropy 
vs. temperature (Fig. 1) and fluorescence intensity vs. 
temperature curves (Fig. 2). The broadening of the 
phase transition by SP-C results in a disordering of the 
bilayer relative to pure lipid at 37°C. The effects of 
SP-C on lipid mobility and phase transition are not 
surprising for a highly hydrophobic peptide [34-36] but 
the magnitude of the interaction is unusual. The effect 
of SP-C is readily observable at a lipid/protein molar 
ratio of 500:1. By comparison, mellitin causes no dis- 
eernable change in the anisotropy of DPH in lipid 
bilayers below about 40:1 molar ratio [34,35]. 

Recent work of Curstedt ct al. [12] demonstrates 
that human SP-C is palmitoylated on the two eysteine 
residues near the amino terminus of the peptide. These 
groups are conserved in porcine, bovine and human 
SP-C peptide sequences. Thus, the interactions of SP-C 
with phospholipids may be mediated by interaction of 
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the hydrophobic, valine rich domain but may also be 
influenced by interactions between phospholipid and 
fatty acyl chains of  SP-C. These acyl chains would only 
reach half way through a bilayer, whereas  SP-C itself is 
likely to span the bilayer. 

In these studies reported we have found SP-C to 
have two effects on lipid structure in vesicles; first, it 
partially disorders the acyl chain region of the bilayer; 
and second, it increases rigidity in the head group 
region of  the bilayer. If these effects can hc extrapo- 
lated to monolayer  conditions, the first effect would 
promote  spreading on expansion of  the lung, and the 
second would help stabilize the lipid film against col- 
lapse at end e:~plration. Both of these are  activities at 
which SP-C excels in monolayer experiments. 
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